Summary
In vertebrates, paralogous Hox genes play diverse biological roles. We examined the interchangeability of Hoxa1 and Hoxb1 in mouse development by swapping their protein-coding regions. Remarkably, the mice expressing the Hox-B1 protein from the Hoxa1 locus, and vice versa, are essentially normal. We noted, nonetheless, a specific facial nerve hypomorphism in hemizygous Hoxb1 A1/2 mice and decreased viability in homozygous Hoxa1 B1/B1 embryos. Further, we established a mouse line in which we have inserted the 107 bp Hoxb1 autoregulatory enhancer into the Hoxa1 promoter. Strikingly, the newly generated autoregulatory Hoxa1 gene can deliver the functionality of both paralogs in these mice, providing normal viability as well as proper facial nerve formation even in the Hoxb1 mutant background. This study affirms that subfunctionalization of the transcriptional regulatory elements has a principal role in the diversification of paralogous Hox genes. Moreover, we show that the ancestral vertebrate Hox1 gene can still be experimentally reconstructed.
Introduction
Half a billion years ago, the primordial Hox gene cluster in the ancestral vertebrate lineage became quadruplicated, generating novel paralogous Hox genes in what appears to have been two consecutive events of tetraploidization (Escriva et al., 2002; Furlong and Holland, 2002) . In extant mammals, there are 13 different paralogous groups, each containing 2-4 Hox paralogs (Maconochie et al., 1996) . The nature of their recruitment to new functions has been a captivating subject of study. On the one hand, a series of experiments involving swaps of the 60 amino acid (aa) homeodomain established that DNA binding and/or transactivating properties of Hox transcription factors from different paralogous groups have evolved significantly Potter, 2001, 2002) , in keeping with the view that the primordial Hox complex was created by much more ancient gene duplication events (Garcia-Fernandez, 2005) . Within a certain paralogous group, on the other hand, Hox-encoded transcription factors remain remarkably similar in their function (Greer et al., 2000) , suggesting that the acquisition of novel protein functions, known as neofunctionalization, has been very slow among Hox paralogs. Hence, the protection of these functionally near-identical genes from mutagenic decay must have been attained by a mechanism other than selection for new advantageous functions. Plausibly, this preservation was facilitated by reciprocal degeneration of regulatory elements and by subsequent functional partitioning, a process termed ''subfunctionalization'' (Force et al., 1999; Lynch and Force, 2000) .
We turned our attention to the mouse Hox paralogous group 1, specifically Hoxa1 and Hoxb1, to explore their functional equivalence in the development of the mouse brain. Hoxa1 is highly responsive to graded levels of retinoic acid (RA) in the prospective posterior hindbrain, and, hence, it is among the most anteriorly expressed Hox genes in the early neural plate. There it opposes the posterior expansion of the zinc finger gene Egr2 (also known as Krox-20) (Barrow et al., 2000; Dupe and Lumsden, 2001) . Egr2 is turned on in the anterior hindbrain through the FGF-driven cascade of events originating in the midbrain-hindbrain boundary, and its interaction with Hox1 genes initiates the stepwise division of the central hindbrain into the transient, segmental units of rhombomere 3 (r3)-r5 (Chi et al., 2003; Giudicelli et al., 2001; Li and Joyner, 2001 ). In the mouse, loss of Hoxa1 function causes an enlargement of r3, severe reduction of r4, and virtually a complete loss of r5, ultimately leading to early postnatal death due to the disruption of the central respiratory rhythm generator derived from the affected parts of the brainstem (del Toro et al., 2001 ). Additional defects include a delay in neural tube closure, inner ear malformation, and hypoplasticity of the second branchial arch as well as of some other neural crest derivatives (Chisaka et al., 1992; Lufkin et al., 1991; Mark et al., 1993) . Interestingly, homozygous mutations in HOXA1 have recently been reported in humans diagnosed with Bosley-Salih-Alorainy or Athabascan brainstem dysgenesis syndromes (Tischfield et al., 2005) , the rapid identification of the underlying genetic cause being greatly facilitated by the remarkable similarity of this human malady to the mutant mouse phenotype.
Hoxb1 is expressed concomitant to Hoxa1 in the early neural plate and eventually reaches about the same anterior limit because of genetic synergism between the two genes (Barrow et al., 2000; Gavalas et al., 1998; Rossel and Capecchi, 1999; Studer et al., 1998) . Without the transactivating input of Hox-A1, however, Hoxb1 expression lags and Egr2 consequently expands, resulting in the aforementioned mispatterning of the hindbrain. Later, during definitive rhombomere formation, Hoxa1 gradually recedes from the hindbrain, whereas Hoxb1 becomes highly enhanced in r4 by virtue of its autoregulatory stimulation and completely silenced in other rhombomeres through a network of repressors (Gaufo et al., 2003; Popperl et al., 1995) . Hoxb1 expression in r4 persists for at least 5 more days, until wE13, during which period it modulates neurogenesis in this segment. A principal role of Hoxb1 appears to be in maintaining high levels of the homeodomain gene Phox2b in the ventral ventricular zone. Extended Phox2b expression in r4 is necessary for the specification of a sizeable population of the seventh cranial nerve motor neurons and suppression of the serotonergic neuronal fate assumed *Correspondence: capecchi@howard.genetics.utah.edu by the corresponding progenitors in neighboring rhombomers (Gaufo et al., 2000; Goddard et al., 1996; Pattyn et al., 2003) .
Hoxa1 and Hoxb1 have coexisted independently since the emergence of gnathostome vertebrates. In the first part of this study, we investigate the degree to which the Hox-A1 and Hox-B1 proteins have diverged functionally. We find that at sufficient levels, either protein can correctly execute the developmental program normally carried out by the other paralog. At suboptimal levels, however, Hox-B1 shows somewhat higher transcriptional activity on the Hoxb1 promoter than Hox-A1. As a result, the hemizygous Hoxb1 A1/2 mice develop a specific seventh cranial nerve hypomorphism, and Hoxa1 B1/B1 mouse embryos exhibit a reduced viability. In the second part of our study, we extend these findings by showing that it is still possible to fulfill all of the Hox1 functions in mouse brain development by a single artificially reconstructed gene that unifies the original subfunctions, i.e., high responsiveness to RA in the early phase of neural patterning and prolonged, self-stimulating expression during late neurogenesis.
Results
Hox-A1 and Hox-B1 Polypeptides Are Functionally Interchangeable We created mouse lines expressing the Hox-B1 protein from the Hoxa1 locus and vice versa. Although the Hox-A1 and Hox-B1 proteins are only 49% identical ( Figure 1A ), their gene structures are very similar, and we were able to precisely replace coding regions while preserving exon-intron boundaries and all cis-regulatory elements ( Figures 1B and 1D ). In addition, we labeled both alleles (termed Hoxa1 B1(g) and Hoxb1 A1(g) ) with a tauGFP fusion, which was expressed as a second cistron. For reference, wild-type Hoxa1 and Hoxb1 genes were tagged similarly (Figures 1B and 1D) , and these alleles were designated Hoxa1 +(g) and Hoxb1
+(g) . The control and swapped alleles were bred to homozygosity, and Hox1 gene expression was inspected in developing embryos by direct fluorescence microscopy. Expression patterns were in good agreement with published data (Barrow et al., 2000; Rossel and Capecchi, 1999) . The Hoxa1 locus was expressed throughout the posterior hindbrain during early somitogenesis at embryonic day (E) 8.5. Its activity in the hindbrain waned within 24 hr, remaining detectable more posteriorly in the spinal cord, foregut diverticulum, anterior limb bud, and somites ( Figures 2I and 2J ). The Hoxa1 B1(g)/B1(g) embryos closely resembled the Hoxa1 +(g)/+(g) controls ( Figures 2K and 2L) .
The activity of the Hoxb1 locus at E8.5 paralleled that of Hoxa1, except it began to intensify in the emerging r4 territory due to the onset of autoregulation (Figure 2A) . A strong signal in r4 and adjacent neural crest dominated at E9.5 and was accompanied by expression in the foregut pocket, limb bud, and, to a lesser extent, in the somites ( Figure 2B ). By E10.5, the expression became confined to the neural tube, and at E11.5, the tauGFP reporter labeled the caudally migrating neuronal bodies of the facial branchiomotor neurons as well as the projecting axons of the facial nerve ( Figures 2C and 2D) . The outgrowth of the facial motor, which innervates the muscles of facial expression, is critically dependent on the Hoxb1 gene product (Arenkiel et al., 2004; Goddard et al., 1996) . Again, no significant differences between the Hoxb1 +(g)/+(g) controls and the Hoxb1
embryos were seen ( Figures 2E-2H ). Next, we asked whether a complete reciprocal exchange of the coding regions still supported the normal developmental program. Indeed, when we generated doubly homozygous Hoxa1 B1(g)/B1(g) Hoxb1 A1(g)/A1(g) animals, they showed no sign of facial paralysis or morphological or behavioral abnormalities (data not shown).
Hox-A1 and Hox-B1 In Vivo Activities Are Distinct When we subsequently obtained Hoxa1
Hoxb1 A1(g)/2 hemizygotes, only a few animals appeared normal. The majority showed various levels of facial paralysis, predominantly in the eye blink reflex. To further analyze the contribution of each allele to the phenotype, we crossed each swapped locus separately with the corresponding mutants to obtain discrete Hoxa1
and Hoxb1 A1(g)/2 genotypes. The Hoxa1 B1(g)/2 animals were indistinguishable from wild-type. The Hoxb1
mice, on the other hand, displayed a fully penetrant partial facial paralysis.
We performed a neurologic exam on 28 Hoxb1
mice, by using directed forced air, to assess facial motor function. All animals were unable to completely close the eyelids on at least one side. The defects ranged from one akin to the Hoxb1 mutant-which is able to slightly retract the eyeballs inwards by way of the intact abducens innervation, but completely lacks the ability to operate the eyelids-to mild conditions in which only a narrow slit remains open (Table 1 ). Whisker movement, to which most fibers in the facial nerve are dedicated, was never completely abolished, and individual whiskers always maintained rhythmical activity. Of the 16 animals specifically examined, only 7 (44%) exhibited unilateral constraint of the most anterior whisking range. In stark contrast to eyelid closure, ear retraction was almost always intact, and only 2 mice of 28 (7%) exhibited one-sided weakness of pinna retraction ( Figure 3C ). All control Hoxb1 +(g)/2 mice (n = 15) were normal except for 3 (20%) animals with a very mild form of incomplete eyelid closure on one side. Thus, we conclude that hemizygosity for the Hoxb1 A1(g) allele was associated with hypomorphism in the facial motor nerve, specifically in the branches innervating the orbicularis oculi muscle.
The high penetrance of impaired eyeblink in Hoxb1 A1(g)/2 mice allowed us to investigate whether the Hoxa1 locus had any influence on the phenotype. We found an inverse relationship between the number of Hoxa1 B1(g) alleles and the severity of the condition (Table 1 ). In fact, the percentage of animals with a normal eyelid reflex rose from 0% in Hoxa1
mice, and the number of severely affected animals dropped from 72% to 11%, respectively. The presence and caliber of the dorsal branches of the facial motor nerve, which innervate the orbicularis oculi muscle, correlated with the phenotype. Specifically, the zygomatic branch was either exceedingly thin or completely missing in Hoxb1
mice with a severe eyeblink defect ( Figure 3G ), and the branch sometimes assumed aberrant trajectory ( Figure 3K ). The Hoxa1 B1(g)/B1(g) Hoxb1 A1(g)/2 mice with restored eyelid response had normal-caliber zygomatic and temporal branches ( Figure 3H ), although they occasionally showed an atypical arborization pattern ( Figure 3L ). Together, these results confirm that Hoxa1 is upstream of Hoxb1 in the gene activation cascade, and they show that the Hoxa1 B1(g) allele has a stronger potential to promote r4 development than even the wild-type allele.
To examine whether the Hoxa1 B1(g) allele had any negative developmental effects in the background of a normal Hoxb1 gene, 59 progeny of Hoxa1 B1(g)/+ 3 Hoxa1 B1(g)/+ crosses were genotyped. Allele segregation (A) Amino acid alignment of Hox-A1 and Hox-B1. This alignment was generated with Gap (Accelrys GCG) by using default settings; vertical bars (I) stand for identity, and one (.) or two (:) dots signify increasing levels of amino acid substitution compatibility. Hox-A1 is highlighted in blue, Hox-B1 is highlighted in red, and their hexapeptide motifs are shown in the gray box. The yellow box shows the homeodomains; their N-terminal arms are underscored with a dotted line, and the first, second, and third a helices are underscored with solid bars. The arrowheads indicate the positions of splice junctions.
(B) Overview of the alleles. The previously generated null alleles (Gaufo et al., 2000; Godwin et al., 1998) , the tauGFP-tagged control alleles (cntrl), the gene swap knockin alleles (swap), and the autoregulatory Hoxa1 ARE(g) allele (auto) are shown to scale with wild-type (wt). Large, solid-color boxes depict the protein-coding regions (Hox-A1 in blue, Hox-B1 in red, GFP fusions in green, frameshifted coding regions in black), and hatched, light-colored boxes in corresponding colors show the 5 0 and 3 0 UTRs. The positions of the Hoxb1 autoregulatory enhancer (ARE), the internal ribosomal entry sites (IRES, loops), and the residual loxP sites are indicated. Black bars above the first exons identify the hybridization probes. E, EcoRI; S, SwaI; X, XhoI. (C) The nucleotide sequence of the Hoxb1 ARE placed in Hoxa1 ARE(g) is shown with an outline of reported binding sites (Di Rocco et al., 2001; Ferretti et al., 2005) . White text highlights the Hox half-sites. The direction and extent of each site is represented with an arrow; red arrows indicate the sites of critical functional importance. (D) Southern blot analysis of the implicated mouse genotypes. Lanes: WT, wild-type DNA; 1-9: targeted Hox1 gene swaps (mouse tail DNA); 1, Hoxa1
; 2, Hoxa1
; 5, Hoxb1
; 6, Hoxb1
; 10-11: autoregulatory Hoxa1 ARE(g) gene targeting in ES cell DNA; 10, ES target without cointegration of ARE; 11, ES target with successful cointegration of ARE; HET, Hoxa1
ARE(g)/+

Hoxb1
+/2 double heterozygous mouse tail DNA; 12-20: tail DNA of Hoxa1
ARE(g)/+ Hoxb1 2/2 , and Hoxa1 ARE(g)/ARE(g) Hoxb1 2/2 sibling mice. Genomic DNA was digested with the indicated combination of restriction enzymes and was sequentially rehybridized with specific probes. The calculated lengths in kilobases for each allelic fragment are shown in brackets.
(E) Phylogenetic tree of mouse and human Hox1 polypeptides. The tree was reconstructed from the Kimura protein distance matrix by using the UPGMA method (Accelrys GCG).
was distorted, with only 12% (7/59) Hoxa1 B1(g)/B1(g) homozygotes, 58% (34/59) heterozygotes, and 30% (18/ 59) wild-type. Interestingly, the segregation bias against the Hoxa1 B1(g) allele was reversed in the presence of the Hoxb1 A1(g) allele. Analysis of the progeny from a double heterozygous cross (Hoxa1 B1(g)/+ Hoxb1 A1(g)/+ 3 Hoxa1 B1(g)/+ Hoxb1 A1(g)/+ ) showed that, against the background of the hypomorphic Hoxb1 + ;Hoxb1 A1(g) genotype, the survival of Hoxa1 B1(g)/B1(g) homozygotes was enhanced. Thus, in this heterozygous Hoxb1 A1(g) context, allele ratios of 36% (17/47) Hoxa1 B1(g)/B1(g) homozygotes, 41% (19/47) Hoxa1 B1(g)/+ heterozygotes, and 23% (11/47) Hoxa1 +/+ were observed. These data suggest that when all four Hoxa1 and Hoxb1 loci encode Hox-B1 protein, a subtle developmental imbalance, which can be rescued by swapping Hox-A1 protein into the endogenous Hoxb1 locus (Hoxb1 A1(g) ), occurs.
To gain more insight into the cause of the specific agenesis of the facial nerve, we examined expression patterns of various Hoxb1 alleles during the late phase of neurogenesis (Figure 4) . In hindbrain flat mounts of Hoxb1 A1(g)/A1(g) embryos, the signal intensity throughout r4 and the characteristic pattern of facial branchiomotor migration were comparable to the control Hoxb1
embryos at E10.5 and E11.5 ( Figures 4A, 4B , 4E, and 4F). In hemizygous embryos, whose expression levels were generally lower and of patchy appearance, a much sharper decline in signal intensity from E10.5 to E11.5 was observed in Hoxb1 A1(g)/2 relative to Hoxb1
. The distribution of fluorescence in the Hoxb1 A1(g)/2 hindbrains was nonetheless very similar to that in controls ( Figures 4D and 4H ), suggesting that a temporal, rather than spatial, constraint on Hoxb1 transcriptional activity is the basis for hypomorphism in the Hoxb1 A1(g)/2 mice. 
Molecular Profiling of Hox1 Downstream Targets
We investigated the specificity of Hox1 transcription factors by conducting a genome-wide analysis of mRNA levels in the mouse embryos expressing the Hox-A1 protein from the Hoxb1 locus. First, we compared the Hoxb1 A1(g)/A1(g) E10.5 embryos, which give rise to outwardly normal animals, with the corresponding Hoxb1 +(g)/+(g) controls. GFP-positive cells from the r4 region were sorted out from either genotype by fluorescence-activated cell sorting, and total RNA was isolated, amplified, and hybridized to Affymetrix GeneChip microarrays. In addition, a similar experiment comparing the E10.5 Hoxb1 2/2 mutant hindbrains to the wild-type samples was carried out. The differentially expressed genes were determined as specified in the Supplemental Experimental Procedures and are arranged in four databases containing upregulated or downregulated probe sets below 40% false discovery rate (FDR) in each experiment ( Figure S1 and Tables S2-S5 in the Supplemental Data available with this article online). The commonly altered genes were identified and are listed in Table S1 .
The Hoxb1 mRNA signal was, expectedly, the most downregulated in the Hoxb1 2/2 mutant, but Hoxb1
mRNA levels also ranked among the downregulated genes and were reduced (w70%) relative to Hoxb1
. (This estimate was possible because the Hoxb1 A1(g) allele also transcribes the endogenous Hoxb1 3 0 UTR, the target sequence for the corresponding Affymetrix probe set.) The set of concomitantly downregulated genes comprised eight other genes, including two known downstream effectors of Hoxb1, the transcription factors Gata2 and Gata3. Other known targets of Hoxb1, such as Hoxb2, Phox2a, or Phox2b, were not markedly affected in the Hoxb1 A1(g)/A1(g) embryos, although they scored among those most downregulated in the null mutant embryos (Table S4) .
Our search for upregulated genes identified 15 matching probe sets between the 2 experiments. These included the LIM homeobox protein 9 (Lhx9), the LIM homeobox protein 2 (Lhx2), and transthyretin (Ttr) ( Table  S1 ). We also noticed that expression of several genes was differentially regulated by Hox-A1. Notably, one of the most highly upregulated genes in the Hoxb1
hindbrains was Otx2 (>2-fold; Table S3 ), although the Otx2 mRNA levels in the null mutants were not changed. Conversely, multiple probe sets for glyoxalase 1 (Glo1) were significantly downregulated in the Hoxb1
embryos, but they were unaffected in the null mutants. Changes in relative mRNA levels for these genes were confirmed with quantitative PCR (Supplemental Experimental Procedures).
Autoregulatory Hoxa1 Is Sufficient for Normal Development of Rhombomere 4 Our microarray data demonstrated that Hox-A1 and Hox-B1 transactivation specificities are nonidentical; however, they also suggest that Hox1 targets essentially overlap and that the effects of swapping Hox-A1 and Hox-B1 activities are small in overall fold change. We therefore sought to determine whether differences in expression play a larger role than differences in protein activity in the diversification of paralog function. To test if we could switch the biological functions of these two paralogs by modifying their promoter regulatory elements, we introduced the Hoxb1 autoregulatory enhancer (ARE) into the promoter of Hoxa1. Specifically, a 107 bp Hoxb1 fragment, comprising 3 Hox-B1/PBX1 binding sites, was inserted in the Hoxa1 promoter at a similar distance from the initiation codon as in Hoxb1 (Figures 1B and 1C) . As in the previously described alleles, Hoxa1 ARE(g) was also tagged with the tauGFP reporter ( Figures 1B and 1D) .
First, we examined Hoxa1 ARE(g) expression in E10.5 and E11.5 embryos. The Hoxa1 ARE(g) allele was obviously active in the hindbrain many days after the withdrawal of wild-type Hoxa1, but its expression pattern was more widespread than normally observed for Hoxb1 (Figure 5 ), presumably because of a lack of negative cis-regulatory elements. Thus, instead of the exclusive, r4-specific stripe of expression, it was expressed in a broad area including r3, r4, and r6. In the presence of the endogenous Hoxb1 gene, the Hoxa1 ARE(g) allele was moderately enhanced in r4, but a very similar pattern was seen even in the Hoxb1 2/2 mutant background ( Figures 5C, 5D , 5G, and 5H). By comparison, the GFP signal was more diffuse and weaker than in the Hoxb1 allele variants.
The persistence of Hoxa1 ARE(g) expression in the central hindbrain, independent of Hoxb1, prompted us to investigate the phenotype of Hoxa1
Hoxb1
2/2 mice. The segregation of the Hoxa1 ARE(g) allele was normal in the wild-type background (25% of Hoxa1 ARE(g)/ARE(g) , 50% of Hoxa1 ARE(g)/+ , and 25% of Hoxa1 , n = 63). Strikingly, the Hoxa1 ARE(g)/ARE(g) Hoxb1 2/2 mice showed no sign of facial paralysis.
A haploinsufficient phenotype was observed in Hoxa1 ARE(g)/+ Hoxb1 2/2 mice, with facial motor hypomorphism reminiscent of the Hoxb1 A1(g)/2 mice, but with much lower penetrance. Of 33 animals tested, all had normal ear retraction, and only 17% (4/24) had a noticeably narrower range of whisker movements on one side. A total of 46% were able to bilaterally close their eyelids, and only 8% manifested a mutant-like eyelid closure in one eye (Table 1 ). The underlying facial nerve anatomy was consistent with the observed motor function, i.e., the temporal and zygomatic nerve branches were thinner and sometimes atypically formed, but rarely missing (data not shown).
Finally, we assessed brainstem morphology and the scale of facial motor nucleus rescue in the adult brains of Hoxa1 ARE(g) Hoxb1 2/2 mice. We confirmed that the facial nucleus (7N) as well as the facial nerve (7n) were missing in the Hoxb1 2/2 mutant, while the abducens accessory nucleus (Acs6) was present ( Figures  6E, 6F , 6I, and 6J). A single Hoxa1 ARE(g) allele dramatically rescued the mutant brainstem anatomy, restoring most of the acetylcholine esterase activity in the presumptive facial nuclei ( Figures 6G and 6K ). These ''haploinsufficient'' nuclei were smaller, rounder, and located more internally than in the wild-type. In the brains of Hoxa1 ARE(g)/ARE(g) Hoxb1 2/2 mice, however, no marked disparity from the wild-type was detected ( Figures 6H  and 6L ).
Discussion
There is much to be learned from delineating the functional differences between paralogous proteins, resulting from gene duplications throughout evolution. Here, we show that the degree of functional equivalence between individual Hox paralogs is extraordinarily high, in conflict with similar studies comparing other paralogs, including Phox2a and Phox2b (Coppola et al., 2005) . A point worth making is that molecular design has critical importance in these experiments, as exemplified by the efforts to surrogate Otx2 with Otx1. Two independent early studies concurred that OTX2 had an irreplaceable, unique function in the development of the anterior neuroectoderm (Acampora et al., 1998; Suda et al., 1999 ); yet, a better replacement allele constructed later proved that OTX1 is able to ensure the same normal viability, forebrain anatomy, and behavior as OTX2 (Acampora et al., 2003) . Even when using a very precise gene swap approach, however, we have detected slight functional differentiation between Hox1 paralogs. 
Hoxb1
A1(g)/2 mice are prone to unusual arborization. A total of 25 animals were dissected (4-10 per genotype).
Hox-B1 Has Evolved to Better Activate Its Own Expression
The biological function of Hox1 genes largely resides in the homeodomain and the hexapeptide (Remacle et al., 2004) . In this region, Hox-A1 and Hox-B1 are 85% identical ( Figure 1A) , and X-ray crystallography of HOX/PBX complexes indicates that none of the mismatches has an important role in DNA binding (LaRonde-LeBlanc and Wolberger, 2003; Piper et al., 1999) . Thus, N-terminal domains appear to largely account for the differences in activity. This issue was addressed most directly by Di Rocco et al. (2001) . They found Hox-B1 to be more active than Hox-A1 on the Hoxb1 enhancer in EC cell culture, albeit their data suggested a much more dramatic functional divergence. In this system, they further demonstrated that the same high activity of wild-type Hox-B1 was obtained with a Hox-B1/A1 chimeric protein, in which the Hox-B1 hexapeptide and homeodomain were replaced with the corresponding region from Hox-A1. It is well established that maximal transcriptional activity of the Hoxb1 enhancer requires members of the PKNOX, POU, and SOX families of transcription factors (Di Rocco et al., 2001; Ferretti et al., 2005) , but molecular determinants and physical interactions of the Hox-B1 N-terminal activation domain remain obscure.
Using microarray technology, we show that Hox-A1 maintains Hoxb1 transcription at a lower level than Hox-B1, even in the Hoxb1 A1(g)/A1(g) homozygotes that otherwise do not exhibit an obvious phenotype. Interestingly, reduced Hox-A1 activity seems to more severely affect the downstream targets that are expressed more ventrally. The most ventral gene known to be dependent on Hoxb1, Gata3 (Tiveron et al., 2003) , was downregulated in the Hoxb1 A1(g)/A1(g) embryos, whereas other direct targets with more widespread expression along the dorsoventral axis, such as Hoxb2 or Phox2b, did not score among the set of downregulated genes (Table S2 and Supplemental Experimental Procedures). On the other hand, Lhx2 and Lhx9 expression, defining the most dorsal population of dI1 interneurons (Helms and Johnson, 2003) , increased or expanded in both Hoxb1 A1(g)/A1(g) and Hoxb1 mutants (Table S1 and Supplemental Experimental Procedures).
Transcript levels of several genes were selectively elevated in the presence of the Hox-A1 protein. The most notable example was Otx2, which was among the most highly and most significantly upregulated transcripts in r4 of Hoxb1 A1(g)/A1(g) embryos (Table S3 and Supplemental Experimental Procedures). The Otx2 promoter is stimulated by Hox-B1, Hox-B2, and Hox-B3 in transfected cells, and this interaction is dependent on multiple homeodomain recognition sequences (5 0 -TAAT-3 0 ) (Guazzi et al., 1998) . Hox-A1 conveys even greater induction of Otx2 expression; the biological significance of this regulation is unknown.
Taken together, these results show that Hox-A1 is less active than Hox-B1 on the Hoxb1 enhancer, most probably because of suboptimal protein-protein interactions. However, it seems to be more efficacious on certain ''generic'' homeodomain binding sites.
The Hoxb1
A1(g) Allele Genetically Dissects the Formation of Facial Motor Subnuclei In spite of considerable research devoted to the facial nucleus, very little is known about specification of the individual subnuclei and their neuromuscular connections. We show that the Hoxb1 A1(g)/2 genotype is manifested by distinctive partial facial paralysis primarily affecting the zygomatic nerve branch. In contrast with the ensuing eyelid closure defect, ear pinna retraction is normal, indicating that the posterior auricular branch is not affected. Since both of these branches are of comparable caliber (Komiyama et al., 1984; Semba and Egger, 1986) , it is unlikely that the zygomatic division is more vulnerable because of its relatively small size.
Another possibility, supported by our mRNA profiling, is that spatial shifts in gene expression impinge on specific subnuclei in the Hoxb1
hypomorphs. However, the detected dorsoventral expression changes are minor and are not consistent with topographic organization of the facial nucleus, in which the orbicularis oculi motoneurons are normally situated in the dorsal apect (Faulkner et al., 1997) . Significantly, we have found that Hoxb1 A1(g)/2 expression declines prematurely ( Figures 4D and 4H) , and we therefore favor the idea that the specific pattern of projection in the individual facial muscles is governed by a temporal mechanism, progressing from the auricular and mystacial musculature to the eyelid nerve circuits.
Transcriptional Responsiveness versus Transactivation Potential: A Finely Tuned Balance in Hindbrain Patterning
Whereas the Hoxb1 A1(g) allele is weaker than wild-type, the Hoxa1 B1(g) allele is more active. It compensates for facial paralysis in the Hoxb1 A1(g)/2 animals, and, furthermore, it compromises viability when present in two copies in the normal Hoxb1 background. The expression of the Hoxa1 B1(g) allele in the hindbrain is still very transient, though, and rescue of Hoxb1 A1(g)/2 -associated hypomorphism must occur during the short period of expression overlap between the two genes. The rescue is likely achieved by recruiting more Hoxb1 A1(g) transcription to the prospective r4 by greater efficiency of the Hox-B1 protein produced from the Hoxa1 locus; this early surge is predictably translated into a more lasting presence of Hoxb1 A1(g) activity during neurogenesis. The Hoxa1 B1(g)/B1(g) genotype decreases viability in the normal Hoxb1 background, but not in the Hoxa1
Hoxb1
A1(g)/A1(g) animals. Apparently, the complete reciprocal gene swap functions as a mutually compensated system, more compatible with normal mouse development than the hypo-or hypermorphic conditions seen in the individually swapped loci. The cause for higher lethality in the Hoxa1 B1(g)/B1(g) embryos is unknown, but it is tempting to speculate that it is due to a shift in the balance between the RA and FGF signaling pathways. The sum of Hox1 expression in the hindbrain is a major mediator of RA signaling, and a disproportionate increase in the RA pathway causes hypertrophy of r4 at the expense of r3 and r5, potentially altering the reticular formation and vital functions associated with it. Similar findings were described in mice mutant for RA-degrading enzymes (Abu-Abed et al., 2001; Sakai et al., 2001) .
Autoregulation Reveals the Lack of Negative Feedback on the Hoxa1 Promoter We imposed autoregulation on the endogenous Hoxa1 gene by inserting a cluster of Hox-B1/PBX1 binding sites in its promoter, but this modification did not restrict its extended expression to r4 in the manner of Hoxb1. Evidently, the Hoxa1 promoter lacks the regulatory features that would repress its transcription outside r4. While the Hoxb1 ARE alone is unable to consistently limit the expression to r4 in transgenic experiments, most, if not all, of the putative regulatory elements necessary for this refinement appear to be localized within w650 bp upstream of the Hoxb1 start codon (Ferretti et al., 2005) . Functional studies implicate Egr2 and Mafb in Hoxb1 repression (Giudicelli et al., 2001 (Giudicelli et al., , 2003 , but the molecular nature of their interaction has not been clarified.
Not only is Hoxa1
ARE(g) expression imprecisely regulated, it is also weaker than Hoxb1. Nonetheless, all of the facial branchiomotor neurons are properly specified in homozygous Hoxa1 ARE(g)/ARE(g) animals ( Figure 6 ). Aside from the slightly abnormal neuronal migration, a single copy of the Hoxa1 ARE(g) allele in the Hoxb1 mutant background provides a marginally better motor function than three functional Hox1 alleles in Hoxa1
Hoxb1
A1(g)/2 animals ( Table 1) . This might be due to the greater effectiveness of a one-component system (i.e., single Hoxa1 ARE(g) locus) over the two-component solution (requiring a coordinated interaction of Hoxa1 and Hoxb1). Most importantly, however, our work lends support to the notion that significant morphological changes can be brought about by minor regulatory shifts and affords evidence that these regulatory adjustments do not have to be implemented with ultimate precision to succeed.
Experimental Reversal of Hox1 Gene Subfunctionalization Two major aspects of Hox1 expression, i.e., RA inducibility and autoregulation, predate the genome duplications in the vertebrate lineage. Positive autoregulation, which might have been deployed to raise the concentration levels in compensation for the relatively weak DNA binding affinity, is known to drive the orthologous labial gene expression in Drosophila (Chouinard and Kaufman, 1991) or ceh-13 in Caenorhabditis elegans (Streit et al., 2002) . The role of RA in the control of Hox1 expression has been documented in the simple chordate amphioxus (Manzanares et al., 2000) . It is therefore plausible that in the hypothetical gnathostome ancestor, all four Hox1 paralogs possessed both subfunctions ( Figure 7A ).
In the tetrapod lineage, Hoxc1 was lost sometime after the radiation of modern lobe-finned fish (Koh et al., 2003) , and the role of Hoxd1 has been diminishing: while it still contributes to hindbrain patterning in amphibians (McNulty et al., 2005) , it is no longer expressed in the neural plate of recent mammals (Frohman and Martin, 1992) . This trend has a bearing on phylogenetic conservation among Hox1 polypeptides, and our analysis reveals that between mice and humans, Hox-D1 proteins diverge the most ( Figure 1E ).
Hoxa1 and Hoxb1 remain indispensable for proper hindbrain segmentation in extant mammals. We reason that they became interdependent by subdividing their regulatory subfunctions sometime in the early evolution of jawed vertebrates, such that Hoxa1 lost its ability to autoregulate and the responsiveness of Hoxb1 to RA turned inadequate. Further, the interaction of Hox-B1 with its own promoter has been enhanced due to specific binding to additional cofactors.
In the ray-finned fish lineage, an additional round of genome duplication took place. Interestingly, the two resulting copies of Hoxb1 in zebrafish, hoxb1a and hoxb1b, recapitulated the same evolutionary fate that we assume had previously occurred in early gnathostomes: the autoregulatory element was mutated in the hoxb1b gene, whereas the hoxb1a copy lost the 3 0 RARE element (McClintock et al., 2002; Prince and Pickett, 2002) . These parallels might imply that the dosage of duplicated genes with autoregulation is quickly reduced in evolution.
In this study, we have tested whether the ancestral multifunctional Hox1 gene could still be reconstructed in the mouse. Our results, summarized in Figure 7B , show that this goal is achievable. We demonstrate for the first time, to our knowledge, that subfunctionalized gene paralogs can be experimentally reset to the primitive state and replaced with a single copy, further supporting the view that in mammalian brain development, surprisingly little has been gained through Hox1 gene duplications, beyond the refinement of expression patterns.
Experimental Procedures
Gene Targeting and Mouse Husbandry Mouse Hox allelic variants were generated by homologous recombination in 129 R1 ES cells by using our standard laboratory protocol. The Hoxb1 locus was targeted with vectors based on a 10.7 kb Sau3AI-NdeI fragment of 129 genomic DNA; all targeting events in the Hoxa1 locus were obtained by using a 7.9 kb ClaI fragment. Details on the exon-by-exon gene swap cloning strategy for the targeting vectors, the tauGFP fusion tag construction, and Southern blot screening are provided in the Supplemental Data. All mouse lines were established by mating the chimeric males, produced by injecting the targeted ES cell clones into C57BL6 blastocysts, with C57BL6 females.
Histology and Histochemistry
Myelin Staining
To study the anatomy of the adult facial nerve, we carefully skinned the heads of CO 2 -asphyxiated mice; removed the ear pinnae, the extraorbital lacrimal glands, and the parotid and submandibular salivary glands; and incubated the dissected specimens in 40 ml Luxol Fast Blue staining solution (0.1% Solvent Blue 38, Sigma S3382, in 95% ethanol, 0.05% acetic acid) overnight at 37 C with rocking. The samples were then rinsed with 70% ethanol and destained in alternating washes of 0.05% lithium carbonate (30 min) and 70% ethanol (0.5 to several hours). The standard destaining procedure of five washes was typically carried out over a period of 2 days. Finally, the samples were cleared and stored in 50% glycerol in PBS until photographed. Acetylcholinesterase Staining Mice were perfused transcardially with 30 ml ice-cold PBS (Sigma P4417); 50 ml 0.2% formaldehyde (Polysciences, Inc.), 0.5% sucrose in PBS; and 150 ml 2% formaldehyde, 5% sucrose in PBS. Dissected brains were placed in 2% formaldehyde, 25% sucrose in PBS overnight. Cryosections were cut at 25 mm thickness by using the HM 450 sliding microtome (Microm) equipped with the K 400 freezing stage. The free-floating sections were washed in PBS and incubated with gentle rocking at 4 C overnight in 50 mM sodium acetate (pH 5.0), 4 mM cupric sulfate, 16 mM glycine, 4 mM acetylthiocholine iodide (Sigma A5751), and 0.1 mM ethopropazine hydrochloride (Sigma L308765). The next day, the sections were rinsed in water and were developed in 1% sodium sulfide (pH 7.5) for 10 min at room temperature. After several washes with water, the sections were mounted on slides (Superfrost Plus, VWR), air dried, xylene cleared, and coverslipped with DPX (Fluka).
Microscopy and Photography
The fluorescence and brightfield images were obtained with a Leica MZ12 stereomicroscope outfitted with the Evolution MP 5.0 Cooled Camera; the photos were taken by using the Image-Pro Plus program with In-Focus Automation and were processed in Adobe Photoshop. For GFP imaging, the fluorescence module with a 100W mercury vapor lamp and GFP filter set (470/40 nm excitation, 500 nm dichroic) was used. The facial motor function in mice was probed with a pressurized air duster (Falcon) blown in 5-10 s intervals at animals immobilized in a restrainer (a modified 500M model from Braintree Scientific, Inc.). The responses were recorded in miniDV format by using the Sony PC-330 camcorder, the footage was transferred to DVD-ROM, and individual frames from video files were captured with iMovie (Apple).
Cell Sorting and Microarray Analysis
To analyze mRNA profiles, we dissected head segments adjacent to the second branchial arch from entire litters of E10.5 Hoxb1 A1(g)/A1 (g) or Hoxb1 +(g)/+(g) embryos. The tissues were briefly trypsinized, and Figure 7 . Evolution of Hox Paralog Group 1 in Tetrapods (A) Because both the Hox1 autoregulatory element (ARE) and the retinoic acid response element (RARE) are evolutionarily older than jawed vertebrates, it is reasonable to assume that the gnathostome lineage, following the genome duplications, progressed through the stage of four Hox1 paralogs, each (or most of them) possessing one functional ARE and RARE. In recent mammals, Hoxc1 is absent. Hoxd1 lost ARE, and its RARE functionality has been reduced such that it does not support expression in the hindbrain. Hoxa1 and Hoxb1 have maintained or enhanced their RARE and ARE functions, respectively, but their complementary regulatory aspects were lost or deteriorated. Gradually, Hox-B1 has evolved into a more potent activator of ARE than Hox-A1.
(B) Overview of Hoxa1 and Hoxb1 interactions as determined in this study. If the Hox-A1 protein is expressed from both Hoxa1 and Hoxb1 loci, fewer facial motor neurons are produced, which results in hypomorphism with full penetrance in the Hoxa1
animals. On the other hand, four Hox-B1-encoding alleles in the two loci overexert the Hox1 function to a hypermorphic alteration, leading to lower viability. Consistently, the complete reciprocal gene swap is better tolerated and maintains normal development.
As a final point, we show that both Hoxa1 and Hoxb1 can be substituted with a single gene comprising a fully active form of each regulatory element. This gene is functionally equivalent to the Hox1 archetype present in the vertebrate lineage prior to the tetraploidization events.
GFP-positive cells were isolated on a fluorescence-activated cell sorter (FACS). Total RNA was isolated (Absolutely RNA Microprep Kit, Stratagene), linearly amplified, and biotinylated (Ovation Biotin System, NuGEN). Three independent Hoxb1 A1(g)/A1(g) samples and three Hoxb1 +(g)/+(g) controls were hybridized to GeneChip microarrays (Mouse Genome 430 2.0 Array, Affymetrix). Hoxb1 mutant mRNA levels were analyzed similarly, except that the initial cell sorting and RNA amplification steps were omitted and the GeneChip Mouse Expression Arrays 430A were used. See the Supplemental Experimental Procedures for further details concerning the particular protocols, data analyses, and real-time quantitative PCR.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, a figure, and five tables and are available at http://www. developmentalcell.com/cgi/content/full/11/2/239/DC1/.
